Background: Thyroid dysfunction is a well-known adverse effect of first-generation tyrosine kinase inhibitors (TKIs), like sunitinib. The aim of this study was to investigate the effect of second-generation TKIs on thyroid function. Methods: We retrospectively assessed the effect of the first-generation TKI imatinib and the second-generation TKI nilotinib and dasatinib on thyroid function tests in 73 Philadelphia chromosome-positive (Ph-positive) chronic myeloid leukemia patients. Results: Overall, 33 of 73 (45%) had one or more thyroid function test abnormalities during follow-up. Hypothyroidism or hyperthyroidism were found in 18 of 73 (25%) and 21 of 73 (29%) cases after a median of 6 and 22 weeks, respectively. In most patients (29 of 39, 74%) thyroid dysfunction was transient without clinical symptoms. Therapy of hypo-/hyperthyroidism was required in three patients. Thyroid dysfunction never resulted in the discontinuation of TKI therapy. Under treatment with imatinib, nilotinib, and dasatinib, thyroid abnormalities were detected in 25%, 55%, and 70%, respectively. Four of 55 patients (7%) treated with nilotinib had evidence for an autoimmune thyroiditis (antibody positive in 3 of 4 patients) with an episode of hyperthyroidism preceding hypothyroidism. Conclusions: Thyroid dysfunction is a common adverse event with second-generation TKI therapy in patients with Ph-positive chronic myeloid leukemia. Although the mechanism is still unclear, the high frequency of thyroid abnormalities, including autoimmune thyroiditis, warrants regular and long-term monitoring of thyroid function in these patients.
Introduction
T hyroid dysfunction, mostly hypothyroidism, is a wellrecognized side effect of treatment with tyrosine kinase inhibitors (TKIs) (1-3). Its incidence ranged from 53% to 85% in retrospective and from 36% to 71% in prospective studies. Sunitinib malate, a multitargeted small-molecule TKI, has been reported to cause hypothyroidism in patients with metastatic renal cell carcinoma and gastrointestinal stromal tumors (4) (5) (6) . Possible mechanisms include the induction of a destructive thyroiditis (4, 7, 8) , the inhibition of peroxidase activity (9) , the blocking of iodine uptake (10) , irreversible thyroid destruction (11) , or capillary dysfunction (9, 12) , targeting vascular endothelial growth factor (VEGF) receptors via its antiangiogenic activity. Due to the high incidence of hypothyroidism in patients treated with sunitinib, a routine control algorithm has recently been proposed (13) . However, hypothyroidism does not require the interruption of treatment per se since replacement with levothyroxine seems to be effective (5, 6) . In addition, thyroid dysfunction has also been described with sorafenib (14) and motesanib (15) , though at much lower rates.
Several TKIs specifically target the oncogenic activity of the breakpoint cluster region (BCR)-agelson murine leukemia viral oncogene homolog (ABL) protein in patients with Philadelphia chromosome-positive (Ph-positive) chronic myeloid leukemia (CML) (16) . The first-generation TKI imatinib mesylate is the standard of care and leads to durable remissions in the majority of patients in chronic phase (CP) CML (17) . However, long-term results from the IRIS study (International Randomized Study of Interferon vs STI571) show that >30% of patients with newly diagnosed CML-CP discontinue imatinib within 6 years (18) . For patients with imatinib-resistance or -intolerance, two second-generation TKIs, nilotinib and dasatinib, are currently approved (19, 20) . Whereas nilotinib was rationally designed on the structural basis of imatinib for greater potency and specificity with respect to BCR-ABL inhibition (21, 22) , dasatinib is a dual sarcoma (SRC)/ABL inhibitor with less stringent conformational requirements and a wider spectrum of targets (23) . Clinically, both show considerable activity after imatinib failure (24, 25) and in previously untreated patients (26, 27) .
It is unclear at present whether second-generation TKIs with increased specificity share the same adverse effects as first-generation TKIs like sunitinib and imatinib. Data on the incidence of thyroid dysfunction in patients treated with second-generation TKIs are not available. The current study therefore retrospectively investigated the incidence of thyroid dysfunction during therapy with the second-generation TKIs, nilotinib and dasatinib, in patients with CML-CP.
Materials and Methods

Patients
Between May 2005 and July 2009, 71 patients with Phpositive CML in CP (n ¼ 67), accelerated phase (n ¼ 3), and hypereosinophilic syndrome (n ¼ 1) were treated in our center with imatinib, nilotinib, and/or dasatinib as first-line, second-line, or, in rare instances, as third-line treatment. Most patients were treated within clinical trials (Clinicaltrials.gov: NCT00471497, NCT00109707, and NCT00905593). Patients gave their informed written consent to participate in a clinical trial or to have their data analyzed retrospectively. All procedures were followed in accordance with the Helsinki Declaration and were approved by the local ethics committee. Patients received imatinib 400 mg qd, nilotinib 400 mg bid, and/or dasatinib 100 mg qd with dose reductions for toxicity and, in the case of imatinib, dose escalation for incomplete response as necessary. Patients were followed regularly every 3 to 6 months. Determination of disease stage and response criteria were done according to standard criteria (28) .
Evaluation of thyroid function
Thyroid function tests (TFTs) at baseline and during followup included serum thyroid-stimulating hormone (TSH), free triiodotyronine (fT3), and free thyroxine (fT4). In four cases antibodies against thyroid peroxidase (TPOAb), thyroglobulin (TgAb), and the TSH receptor (TRAb) were determined due to the development of hypothyroidism that was preceded by an episode of hyperthyroidism during follow-up (see below). Serum TSH, fT3, and fT4 were measured by an electrochemiluminescent immunoassay (ECLIA; Roche, GrenzachWyhlen, Germany); TPOAb and TgAb by an luminescence immunoassay with time-resolved amplified cryptate emission (TRACE) technology (Brahms, Hennigsdorf, Germany); and TRAb by a electrochemiluminescent receptor assay (Elecsys Ò ; Roche). Serum samples were collected, handled, and analyzed according to internal standard operating procedures. Laboratory reference ranges are 0.27-4.20 mU/L for TSH, 2.6-5.1 ng/L for fT3, and 0.9-1.9 ng/dL for fT4. Upper limits for antibody positivity were >60 kU/L for TgAb and TPOAb, and >1.8 IE/L for TRAb. Thyroid ultrasonography and Color Doppler ultrasonography were performed in four patients (see below).
Definition of hypothyroidism and hyperthyroidism
The biochemical diagnosis of subclinical hypothyroidism and hyperthyroidism was defined in accordance with the guidelines of the American Thyroid Association, the American Association of Clinical Endocrinologists and the Endocrine Society (29, 30) . Subclinical hypothyroidism is defined as a serum TSH concentration above the upper limit of normal (4.20 mU/L) with fT4 concentration within its reference range, and subclinical hyperthyroidism is defined as a serum TSH concentration below the lower limit of normal (0.27 mU/L) with fT4 and fT3 concentration within their reference ranges. Hyperthyroidism is defined as a serum TSH concentration below 0.1 mIU/L and serum fT4 or fT3 concentrations above the normal reference range, and hypothyroidism is defined as a low serum fT4 concentration with elevated serum TSH concentration. Thyroid hormone replacement therapy and treatment with antithyroid medication was initiated at the discretion of the treating physician depending upon the clinical presentation. Patients with biochemical subclinical hypothyroidism or hypothyroidism and symptoms compatible with hypothyroidism (e.g., fatigue, cold intolerance, constipation, or weight gain) received thyroid hormone replacement therapy with levothyroxine. All patients with hyperthyroidism and symptoms compatible with hyperthyroidism (e.g., anxiety, weakness, tremor, palpitations, heat intolerance, increased perspiration, and weight loss, despite a normal or increased appetite and diarrhea) were treated with antithyroid medication.
Results
Patient characteristics
Overall, 64 of 71 patients had TFTs available (Table 1) . For the purpose of this study, patients were allocated to three groups with 8, 55, and 10 patients being treated with imatinib, nilotinib, and dasatinib, respectively. Since some patients sequentially received different TKIs, the sum of these three groups is higher than the number of actual patients. Median age was 57 years (range 25-85) and median follow-up 16 months (range 1-51). Eleven patients had a previous history of thyroid dysfunction with (partial) thyroidectomy in four cases, hypothyroidism in six cases, and goiter in one case. Nine patients were receiving levothyroxine therapy at study entry (eight for hypothyroidism and one for a goiter), of whom one was hyperthyroid, one had subclinical hyperthyroidism, and the remainder normal thyroid function. Twelve patients received medications known to potentially interfere with thyroid function (11 salicylates, 1 glucocorticoids, and 1 amiodarone), of whom 1 had subclinical hyperthyroidism and 1 subclinical hypothyroidism. None had received radioiodine therapy or external neck irradiation. Median disease duration of CML was 29 months (range 0-218). Before imatinib, nilotinib, and dasatinib, 0/8 (0%), 18/55 (33%), and 3/10 (30%) had received interferon, respectively.
TFTs during TKI therapy
At baseline, median TSH was 1.33 mU/L (range 0.01-7.05). Ten patients had abnormal baseline TFTs: five had elevated TSH concentration, all with normal fT4 and fT3 values without treatment, and five had suppressed TSH concentrations, with four patients having normal fT4 and fT3 values without treatment and one patient having increased fT4 under levothyroxine substitution therapy. Sixty-three of 73 patients (86%) were euthyroid at baseline (Table 1) . During the study period, 40 of 73 patients (55%) had normal thyroid function, whereas 33 of 73 patients (45%) had one or more TFT abnormalities (Table 2) . Eighteen (25%) and 21 patients (29%) of 73 patients had hypothyroidism and hyperthyroidism, respectively. Mean TFTs were similar when analyzed at 3, 6, and 12 months (Fig. 1) .
Time course and clinical management of abnormal thyroid function
Most cases of hypothyroidism (11 of 17, 65%) or hyperthyroidism (13 of 21, 62%) were transient with 6 and 4 patients developing persistent hypothyroidism or hyperthyroidism, respectively (Table 3) . Hyperthyroidism was detected relatively early after a median of 6 weeks (range 1-70), whereas hypothyroidism occurred after a median of 22 weeks (range 1-135). Clinically, there were only three instances of signs and symptoms possibly related to hyperthyroidism. Two cases of diarrhea, and one case of atrial fibrillation. The latter had had a history of paroxysmal atrial fibrillation for 20 years and had a single brief self-limiting episode 2 months after the initiation of treatment. None received antithyroid treatment. One patient on nilotinib was briefly being treated with methimazole before developing transient hypothyroidism (see below), and two hypothyroid patients started levothyroxine. One of these two patients was under amiodarone with slightly elevated TSH at baseline and levothyroxine was initiated when taking dasatinib. Of the 10 patients with a previous history of thyroid dysfunction receiving thyroid medication, only one had his levothyroxine stopped, whereas all others continued their treatment without any change in thyroid hormone or TSH concentration during therapy. Among the 21 patients who had previously received interferon, 5 had hypothyroidism (2 subclinical and 3 clinical), and 9 had hyperthyroidism (6 subclinical and 3 clinical). Although these abnormalities were slightly more common as compared to all other patients, this was not statistically significant.
Drug-induced thyroiditis during TKI therapy
Of 18 patients with hypothyroidism during follow-up, 4, all being treated with nilotinib, had a preceding episode of hyperthyroidism ( Fig. 2 and Table 3 ). Hyperthyroidism occurred after a median 19 weeks (range 44-378), and hypothyroidism after a median of 35 weeks (range 112-420). TgAb were detected in three of four patients (28, 192.6 , and 683.2 kU/L) and TPOAb in one of four (680 kU/L). The fourth patient had no thyroid autoantibodies when assessed for the first time >3 years after this episode. All four patients had sonographic abnormalities, with two patients having hypoechoic areas and two having multiple nodules. Clinically, hypothyroidism resolved spontaneously in three of these patients, and one patient was started on levothyroxine due to clinical overt hypothyroidism. However, since follow-up is short in this patient, a transient state cannot be excluded.
Discussion
Thyroid dysfunction is a well-known adverse effect of first-generation TKI therapy (1-3). Athyroid patients with CML (31, 32) or metastatic medullary thyroid carcinoma (33) simultaneously being treated with thyroid hormones and imatinib seem to need a significant increase of the levothyroxine replacement dose. Increased nondeiodination clearance through enzyme induction has been proposed as a potential mechanism (32). However, there was no thyroid dysfunction in patients with the thyroid in situ (34) .
Here, we analyzed thyroid function through serial monitoring of TFTs in patients being treated with imatinib, nilotinib, and dasatinib. To avoid the potential influence of comorbidities as well as the influence of CML cells and intensive treatment regimens on thyroid function, only patients with CML in chronic or early accelerated phase and one patient with hypereosinophilic syndrome were included in the present study Thyroid abnormalities were very common with only about a third of the population being strictly euthyroid during follow-up. Both hypothyroidism and hyperthyroidism were each found in about a quarter of patients. However, these changes were mostly subclinical and transient and, according to the American Thyroid Association guidelines (30) , rarely needed any treatment. Due to the transient nature of druginduced hypo-or hyperthyroidism, as well as the mild clinical course with lack of symptoms in all but two patients, no specific treatment was initiated. The therapeutic relevance of early diagnosis of hypothyroidism or hyperthyroidism is therefore unclear. Due to the retrospective nature of this study, more detailed analyses of mechanisms were not possible. However, 4 of 18 patients (22%) with hypothyroidism and 4 of 55 patients (7%) being treated with nilotinib had evidence for an autoimmune thyroiditis, which, however, did not lead to persistent hypothyroidism. Only one of these four FIG. 1. (a) TSH, (b) fT4, and (c) fT3 levels during treatment with imatinib (n ¼ 8), nilotinib (n ¼ 55), and dasatinib (n ¼ 10). Shown are baseline and follow-up values at 3, 6, and 12 months after initiation of the tyrosine kinase inhibitor. fT3, free triiodotyronine; fT4, free thyroxine; TSH, Thyroid-stimulating hormone. patients, who did not have autoantibodies, had previously been treated with interferon arguing against cytokine-induced generation of autoantibodies as a major factor.
In conclusion, we found thyroid dysfunction to be common in patients with Ph-positive CML under treatment with imatinib and the second-generation TKIs, nilotinib and dasatinib. However, these abnormalities rarely implied a change in clinical management or required treatment, and never led to discontinuation of the TKI. Due to the inherent limitations of a retrospective, uncontrolled study and the sample size of our cohort no direct comparisons between different drug therapies is possible. Nevertheless, the frequency of thyroid abnormalities and occurrence of cases with evidence for thyroiditis indicates that these patients should be monitored regularly. Despite their reported kinase specificity, TKIs share still elusive off-target effects that frequently result in abnormal TFTs, including autoimmune thyroiditis. We therefore suggest careful monitoring of TFTs in second-generation TKI-treated patients.
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